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Lateral quantum dot molecules consist of at least two closely-spaced InGaAs quantum dots ar-
ranged such that the axis connecting the quantum dots is perpendicular to the growth direction.
These quantum dot complexes are called molecules because the small spacing between the quantum
dots is expected to lead to the formation of molecular-like delocalized states. We present optical
spectroscopy of ensembles and individual lateral quantum dot molecules as a function of electric
fields applied along the growth direction. The results allow us to characterize the energy level struc-
ture of lateral quantum dot molecules and the spectral signatures of both charging and many-body
interactions. We present experimental evidence for the existence of molecular-like delocalized states
for electrons in the first excited energy shell.
PACS numbers: 78.20.Jq, 78.47.-p, 78.55.Cr, 78.67.Hc
Self-assembled semiconductor quantum dots (QDs) are
a promising material for development of next-generation
optoelectronic logic devices. A key advantage of these
materials is the opportunity to confine single charges
whose spin projections could serve as the logical bits
for classical or quantum spin-based computing while
preserving the opportunity to control these spin pro-
jections using ultrafast optical fields. Quantum dot
molecules (QDMs), composed of two coupled QDs, have
unique properties that enable new methods of controlling
and measuring spins.1–3 Vertically-stacked quantum dot
molecules (VQDMs), in which the two QDs are stacked
along the growth direction, have received the most atten-
tion because the vertical growth protocol provides precise
and independent control over the height of each QD and
the intervening barrier.4 In VQDMs, the formation of de-
localized molecular states with symmetric and antisym-
metric molecular orbitals has been clearly established.5–8
The coherent tunneling that leads to the formation of
these molecular states can also be used to create entan-
glement between two spins confined in the separate dots
that compose a VQDM.9 This approach, however, can
not be extended to enable nearest-neighbor interactions
for a large number of bit states. One obstacle is the in-
ability to provide local gates between vertically-stacked
QDs in order to independently control the interactions
between an arbitrary pair of nearest neighbors. A sec-
ond obstacle is that the growth-direction electric field
that controls the coherent interactions cannot simulta-
neously be used to controllably charge each QD with a
single electron or hole whose spin projection can serve as
the logical bit.
Lateral quantum dot molecules (LQDMs) are an al-
ternate QDM configuration in which closely-spaced QDs
are formed on a single growth plane.10–12 The simplest
LQDM is a diatomic-like pair of QDs that nucleate from a
single site. LQDMs could be the basis of a scalable archi-
tecture based on coherent interactions between nearest-
neighbors,13 but the development and understanding of
LQDMs lags behind VQDMs. One major obstacle is that
the LQDM geometry makes it extremely challenging to
deterministically create unique confining potentials for
each QD. A second obstacle is that LQDMs typically have
a relatively large center-to-center distance that signifi-
cantly reduces the strength of tunnel coupling. Despite
these challenges, LQDMs are an important testbed for
the development of tools to deterministically electrically
charge individual QDs in an array while preserving in-
dependent electrical and/or optical control over coherent
nearest-neighbor interactions. As a first step toward the
development of such tools, we embed InGaAs LQDMs
in a three-terminal diode structure and investigate the
spectroscopic signatures of charging and charge carrier
interactions as controlled by the voltage applied to the
diode in the growth direction. Our results provide exper-
imental evidence that electrons in excited energy levels
are delocalized over the entire LQDM.
In Sect. I we present the sample geometry and exper-
imental approach. In Sect. II we describe photolumines-
cence (PL) measurements of ensembles of LQDMs and
propose a model for the LQDM energy shell structure
in which electrons in excited energy shells are delocal-
ized over the entire LQDM. In Sect. III we describe the
spectral shifts of the ensemble PL as the excited electron
energy shell becomes occupied by additional electrons.
Analysis of these results supports our energy shell model.
In Sect. IV we use spectroscopy of individual LQDMs to
analyze the consequences of Coulomb interactions. The
measured spectral shifts validate the energy shell model
and suggest that the excited electron states are delocal-
2ized over the entire LQDM. In Sect. V we report the ob-
servation of fine structure that likely originates in spin in-
teractions within the excited electron energy shell. These
observations further support the conclusion that the ex-
cited electron shell is delocalized over the entire LQDM.
We conclude in Sect. VI by discussing how this energy
shell structure creates new opportunities to control the
interactions of spins confined in LQDMs.
I. EXPERIMENTAL METHOD
The InAs LQDMs we study are fabricated using solid
source molecular beam epitaxy (MBE).14 First, InAs
QDs are grown on GaAs using conventional Stranski-
Krastanov self-assembly. The resulting dome-shaped
QDs are partially capped with 10 ML of GaAs and then
annealed in situ for 30 s at 480◦C. Anisotropic diffusion
at the QD surface causes each single QD to evolve into
a diatomic LQDM.14–17 The molecular axis is along the
[0 1 -1] direction as shown in Fig. 1a and c. A height
profile of the LQDM, as shown in Fig. 1a, indicates that
the QDs are approximately 4 nm high. The LQDMs we
study optically are capped with additional GaAs, which
is expected to lead to some morphological changes in the
LQDMs.18
The LQDMs studied here are grown in a diode struc-
ture in order to use applied electric fields to control the
charge state of the molecules. The sample composition
and layer thicknesses are shown in Fig. 1b. The electric
field is applied between an ohmic contact to the n-doped
substrate and a Schottky contact to the top surface. The
top contacts have an interdigitated pattern defined by
photolithography and are composed of 120 nm of Al de-
posited on top of 8 nm of Ti by electron beam metal
deposition. Because there are, on average, 30 LQDMs
per µm2, the 1µm narrow gaps in the interdigitated top
contact serve as a mask that isolates individual LQDMs
for optical spectroscopy. 5 µm gaps perpendicular to
the 1 µm provide access for ensemble photoluminescence
(PL) measurements. The interdigitated contacts provide
the opportunity to apply both lateral (perpendicular to
the growth direction) and vertical (parallel to the growth
axis) electric fields in order to independently control the
charge occupancy of the molecule and the quantum cou-
pling between the two QDs that comprise the molecule.
In this work we focus on charging of the QDMs and al-
ways apply the same voltage to both of the top contacts.
Although the two interdigitated top contacts always have
the same electrical potential, the long term goal of ap-
plying both lateral and vertical electric fields precludes
the inclusion of a semitransparent Ti layer to maintain
uniform electric fields across the 1 µm gap. The interdig-
itated contacts are separated by 1 µm, but only 370 nm
separates the top contacts from the n-doped GaAs that
provides the back contact. Consequently, the net electric
field at the LQDM location contains both vertical and
lateral components, as depicted in Fig. 1d. The ratio of
lateral and vertical field components depends on the spa-
tial location of the LQDM within the lateral gap, which
cannot be measured and varies from LQDM to LQDM.
We therefore quote only the value of the applied voltage
and not the net electric field.
FIG. 1: (Color Online) a) Cross-sectional profile of a LQDM
reveals the molecular geometry and height. The cross-section
is along the axis shown in the inset. b) Sample and three-
terminal electrode design. The Schottky diode structure per-
mits application of electric fields along the growth direction.
The interdigitated top contacts allow application of electric
fields perpendicular to the growth direction and simultane-
ously isolates individual LQDMs for optical spectroscopy. c)
AFM image of LQDMs grown under identical conditions to
those embedded in the sample studied here. The large AFM
image is 1×1 µm area and the inset is the 3D AFM image in
200×200 nm area. d) Potential profile of the three-terminal
electrodes structure. The top two electrodes apply 1 V volt-
age while the bottom electrode applys 0 V. The magnitudes
and directions of the electric fields along the two QDMs are
marked with arrows respectively.
For optical spectroscopy, the patterned sample was
held in the cold finger of an Advanced Research Systems
DMX-20 closed-cycle cryostat at a temperature of 12K.
A Ti:Sapphire laser tuned to 870 nm was used for optical
excitation. The PL signal was collected using a high nu-
merical aperture objective, long-pass filtered to remove
residual laser light, and analyzed with a 0.75 m spectrom-
eter equipped with a liquid nitrogen cooled CCD camera.
3The spectral resolution of this system is 70 µeV.
II. ENERGY SHELLS OF LQDMS
Peng et al. have used atomistic empirical pseudopo-
tential calculations of lens-shaped InGaAs LQDMs with
a basin embedded in GaAs to calculate single particle
energies of LQDMs.19,20 The approach used by Peng et
al. models LQDMs grown by methods very similar to
those used here. The calculations predict three groups
of electron energy levels, with the ground (E0) and first
(E1) excited energy shells separated by approximately
13 meV and the first (E1) and second (E2) excited en-
ergy shells separated by approximately 15 meV.32 The
atomistic pseudopotential calculations predict that the
E0 electron states are isolated in the individual QDs, un-
less an applied electric field tunes the confined states of
the two QDs into resonance. The pseudopotential calcu-
lations further predict that the E1 and E2 shells are delo-
calized over the entire LQDM for all lateral electric fields.
In contrast, hole states within the first two energy shells
(H0, H1) are predicted to be localized in a single QD over
a wide range of lateral electric fields. Holes in the second
excited energy shell (H2) are predicted to show some de-
gree of delocalization. The calculated ground (H0) and
first excited (H1) states for holes are separated by about
15 meV, with the first (H1) and second (H2) shells sep-
arated by approximately 14 meV.
Optical studies of single LQDMs confirm that electron
states in the E0 shell are typically isolated to individ-
ual QDs.21 However, there has been no experimental ev-
idence for the existence of delocalized electron states in
higher energy shells. Our measured PL spectra of both
ensembles and single LQDMs establishes the existence of
delocalized molecular-like states in excited electron en-
ergy shells and qualitatively validates the energy shell
model of Peng et al.
In Fig. 2a we plot the ensemble PL signal measured in
the 5µm gaps of the interdigitated top contacts. Three
PL peaks are visible, centered at 1202, 1242, and 1279
meV. These peaks could be attributed to different en-
ergy shells of the LQDMs (analogous to the s, p, and
d shells in single InAs QDs) or to a distribution of QD
types (e.g. a fraction of the seed QD population that did
not evolve into LQDMs). To distinguish these possible
explanations, we measure the PL intensity of the three
ensemble peaks as a function of laser power. The re-
sults are presented in Fig. 2b. The inset of Fig. 2b shows
that the lowest energy peak (1202 meV) dominates emis-
sion at the lowest laser power. For laser powers between
0.1 and 2 mW, the intensity of the lowest energy peak
increases with laser power and there is no measurable in-
tensity for other peaks. The intensity of the next highest
peak (1242 meV) becomes measurable at laser powers of
2 mW. At laser powers greater than 2 mW, the intensity
of the peak centered at 1242 meV increases much more
rapidly with laser power than the peak centered on 1202
meV. Emission from the highest energy peak (1279 meV)
is not measurable before the laser power reaches about
10 mW. Between 10 and 200 mW, the second and third
peaks increase in intensity with a similar dependence on
laser power.
FIG. 2: (Color Online) a) PL spectra of an ensemble of
LQDMs taken in a 5 µm gap with laser power 30mW and
no applied electric field. b) Dependence of PL peak inten-
sity on laser power between 0.1 to 200mW. The inset is the
enlarged graph of the area framed with the dashed line rect-
angle. c) Schematic model of energy level shells as described
in text.
If the observed PL peaks originated in a distribution
of QD types, optical emission from all peaks would be
expected at the lowest laser powers. The observation
that the lowest energy peak dominates at low powers,
and that peaks with increasing energy gain optical inten-
sity only at increasing laser powers, indicates that the
three peaks are part of a single structure in which carri-
ers can relax to lower energy shells. Emission from ex-
cited states becomes possible only as the increasing laser
power generates sufficient carriers to populate the lower
energy states and inhibit relaxation. We therefore as-
sign the three observed peaks to different energy shells
of single LQDMs. In Fig. 2c we schematically depict the
LQDM energy shells. The energy levels of the two QDs
that comprise the LQDM are typically slightly different;
Fig. 2 depicts a situation in which the left QD has lower
energy levels. We stress that the measured ensemble PL
presented in Fig. 2a and b provides evidence that the
three observed PL peaks come from distinct energy shells
of a single quantum structure. These data, however, are
not sufficient to identify the specific energy shells associ-
ated with each transition or the degree of delocalization
of states in any shell. As described below, we use addi-
tional measurements of single and ensemble LQDMs to
systematically justify the model presented in Fig. 2c.
We first show that the power dependence and satu-
ration behavior presented in Fig. 2b is consistent with
4assigning the three PL peaks to the E0-H0, E1-H1 and
E2-H2 energy shells of LQDMs. At very low exciting
laser powers, on average less than one electron and hole
are absorbed into the LQDM. These carriers thermally
relax through the ladder of energy states in the LQDM.
Thermal relaxation in confined structures typically takes
place on ps time scales, so emission from excited energy
levels is unlikely.22 Consequently, we assign the lowest en-
ergy observed PL peak (1202 meV) to recombination of
electrons and holes in their lowest energy states (E0 and
H0). The second measured PL peak (1242 meV) could
be assigned to optical recombination from E0 to H1, E1
to H0, or E1 to H1. Data presented below demonstrates
that the center wavelength of this second PL peak shifts
as the charge occupancy of the E1 energy levels changes,
so recombination from the E0 shell can be excluded. In
single QDs, the asymmetry of envelope functions from
different shells (e.g. s and p) suppress optical recombi-
nation and observed PL is dominated by s to s and p to
p transitions. This argument suggests assigning the peak
to recombination from E1 to H1.
33 The intensity of the
E1-H1 peak rises as a function of laser power because in-
creased laser intensity increases the probability that the
E0 states will be populated by optically injected carriers.
PL emission originating in the E1 energy shell becomes
significant only when the E0 states are already filled and
relaxation from E1 to E0 is suppressed. By the same
argument we assign the third PL peak, centered at 1279
meV, to PL originating in the E2 energy shell.
The measured difference between ensemble PL peak
energies E0-H0 and E1-H1 is 40 meV. This value is in
reasonable agreement with the separation between E0-
H0 and E1-H1 transitions predicted by pseudopotential
calculations of LQDMs (approximately 28 meV).20 Simi-
larly, the measured difference between E0-H0 and E2-H2
ensemble PL peak energies (77 meV) is in reasonable
agreement with the predicted difference between E0-H0
and E2-H2 transitions (approximately 57 meV ).
20 The
reasonable agreement with calculated values supports,
but does not unambiguously confirm, our assignment of
PL peaks. Our measured values of the energy separation
between transitions are consistently larger than the those
predicted by Peng et al. This difference may be due to
differences between the the LQDM morphology used in
the computational model and the LQDMs studied exper-
imentally.
III. MANY-BODY INTERACTIONS IN THE E1
ENERGY SHELL
To understand the E1 shell, we study the ensemble
PL of the E1-H1 transition as a function of applied volt-
age. Fig. 3a plots the intensity and center energy of the
PL peak as a function of the voltage applied along the
growth direction. Because of the Schottky diode struc-
ture, zero applied voltage corresponds to a built-in field
19.2 kV/cm. Increasing applied voltage forward biases
the diode, dropping the confined energy levels of the
QDMs toward the Fermi level set by the doping. As
the applied voltage increases, the intensity of PL emis-
sion from the E1 state increases until saturating at an
applied voltage of about 0.4 V, which we label FE0. The
center energy of the E1-H1 PL peak remains constant
at 1242 meV until FE0, then decreases rapidly to about
1237 meV as the applied field is increased to about 0.7 V,
which we label FE1 . The center PL energy then remains
constant at approximately 1237 meV as the applied volt-
age continues to increase.
FIG. 3: (Color Online) (a) PL spectra of the E1-H1 transition
as a function of applied voltage. b,c) Schematic models of
confining potential along the growth direction with no (b)
and significant (c) applied voltage, indicating how the applied
voltage impacts the filling of excited energy levels.
To explain the intensity dependence of the E1-H1 PL,
we consider the dynamics of electron and hole absorption
and relaxation into the E1 energy shells. The number
of electrons and holes captured in the LQDM depends
on the applied voltage because it impacts the proba-
bility with which optically generated charges are cap-
tured and retained in the LQDM, as schematically de-
picted in Fig. 3b and c. We stress that the band di-
agrams in Fig. 3b and c are drawn along the growth
axis and thus depict only the vertical confinement in
one of the QDs comprising the LQDM. When no volt-
age is applied, the large built-in electric field creates
a relatively thin triangular tunnel barrier for confined
electrons and holes, reducing the probability that car-
riers are trapped in and remain in the QDs (Fig. 3b).
The confinement for holes is stronger than for electrons
because of the large hole effective mass. As a result,
single InGaAs QDs and vertical QDMs studied under
large built-in electric fields frequently exhibit multiple
discrete spectral lines associated with positively charged
exciton configurations.6,7,23,24 The confinement of both
5electrons and holes is substantially weaker for excited
energy states, making it improbable that a carrier popu-
lation can be trapped in the E1 states.
As the applied voltage is increased, the net electric field
decreases and the confining potential becomes more like
a square well (Fig. 3c). Trapping and retention of elec-
trons becomes more probable and the intensity of emis-
sion from the E1-H1 PL transition increases. The inten-
sity saturates near the applied voltage at which the E0
states cross the Fermi level (FE0) because the E0 states
become electrically charged by electrons tunneling from
the Fermi level. As a result, at applied voltages larger
than FE0 all optically generated electrons are populating
the E1 states and the probability of emission from this
state no longer depends strongly on the applied voltage.
The red shift of the center of the E1-H1 PL peak be-
tween FE0 and FE1 is explained by charging and many-
body interactions within the E1 energy shell. The dy-
namics of charging described above indicate that, for ap-
plied voltages less than FE0, the probability that elec-
trons populate E1 is relatively small. As a result, on av-
erage only one electron occupies the E1 energy shell. As
the applied voltage is increased beyond FE0, the proba-
bility of electron capture in E1 increases significantly and
the average electron occupancy of the E1 energy shell in-
creases. Many-body interactions between the electrons
filling the E1 energy shell lead to the red shift in emis-
sion of the E1-H1 PL. When the E1 energy shell crosses
the Fermi level, the E1 states become fully occupied with
electrons tunneling from the Fermi level and the red shift
ceases. The ensemble average red shifts by 5 meV be-
tween FE0 and FE1 . The red shift with increasing elec-
tron occupancy in consistent with the typical behavior of
single InGaAs QDs and VQDMs.25,26
IV. SPECTRAL SIGNATURES OF COULOMB
INTERACTIONS
Further information on the energetic position and de-
gree of localization of energy shells can be obtained from
spectroscopy of single LQDMs. We now show that the
single LQDM spectra validate the model that electrons
in excited energy shells are delocalized while the excited-
shell holes remain localized in a single LQD. In Fig. 4
we present the discrete spectral lines of a single LQDM
measured in both the E0 (b) and E1 (a) energy shells.
Vertical lines labeled FE0 and FE1 indicate applied volt-
ages where discrete shifts in the PL spectra are observed
in both energy shells. We attribute the first discrete shift
(FE0) to Coulomb interactions that arise when the ap-
plied voltage tunes the E0 shell below the Fermi level
and additional electrons begin to occupy the E0 shell.
We attribute the second discrete shift (FE1) to charging
of the E1 shell. The observation that discrete shifts in
the energy of PL transitions within the E0 (E1) energy
shell occur when the E1 (E0) energy shell crosses the
Fermi level confirms that both of these energy shells are
part of the same LQDM. The applied voltages at which
the E0 and E1 shells of the single LQDM are charged
(FE0 − FE1 = 1.2 V in Fig. 4) correspond to a 6 to 26
meV separation of the E0 and E1 energy shells of this
LQDM. Obtaining a more precise value for the E0-E1
energy shell separation in this LQDM requires knowing
the spatial location of the LQDM between the top elec-
trodes, which we cannot measure.
FIG. 4: (Color Online) PL spectra of the E0-H0 (b) and E1 to
H1 (a) transitions in a single LQDM as a function of applied
voltage. Vertical lines indicate the applied voltage at which
the E0 and E1 energy shells cross the Fermi level. Panel a is
measured with about twice of exciting laser power than panel
b in order to populate the E1 energy shell. Scale bars in the
top right corner indicate the colors associated with increasing
PL intensity.
To develop a more detailed understanding of Coulomb
interactions and assess the spatial extent of wavefunc-
tions associated with the E1 energy shell, we system-
atically analyze the spectral map presented in Fig. 5a.
Fig. 5a plots the observed E1-H1 PL emission of a sin-
gle LQDM, different from that presented in Fig. 4, as a
function of applied voltage. At low values of the applied
voltage two discrete PL lines separated by 2.1 meV are
6observed (A and B). The PL intensity of lines A and B is
weak because the probability that electrons occupy the
E1 energy level is low. There are three possible origins
for this pair of spectral lines: 1) recombination involving
energy levels of the two distinct QDs that comprise the
LQDM, 2) recombination of two different charge states
of the lowest energy QD, and 3) recombination from the
lowest energy QD with and without the presence of an
extra spectator charge in the other QD.
The A-B peak separation of 2.1 meV is at least four
times larger than the spectral shifts typically observed
when spectator charges occupy the neighboring QD of
a VQDM, where shifts are typically less than 0.5 meV
for QDs separated by less than 10 nm. The QD separa-
tion in these LQDMs is much larger (∼ 50 nm center-to-
center) and the Coulomb interactions between charges
localized in separate QDs are therefore expected to be
much smaller. As a result, the assignment of the discrete
spectral shifts to recombination in the lowest energy QD
with and without spectator charges in the neighboring
QD can be excluded. Since line A and B show identical
shift features with applied voltage, the possibility that
these two lines are emitted by two QDMs with different
locations can be excluded. We assign the two discrete
lines (A and B) to recombination of an electron in the
lowest energy E1 state under two different configurations
of holes. We analyze the dynamics of charge relaxation
into the QDs, the dependence of the relative intensity of
PL lines A and B on applied voltage, and the observed
spectral shifts to show that the E1 electron state is de-
localized while hole states in both the H0 and H1 shells
are localized in one of the two QDs that comprise the
LQDM (e.g. H1L and H1R).
Experiments and calculations on LQDMs indicate that
electrons relax more rapidly than holes. Electrons can re-
lax into either of the two QDs that comprise the LQDM
(e.g. E0L or E0R) and typically relax into the QD with
the lowest energy levels.21 The QD with lowest energy
levels depends on the applied lateral electric field, but
in the conditions studied here the applied lateral field is
small and changes only slightly with applied voltage, as
discussed above. We therefore conclude that the differ-
ence in energy levels is dominated by the natural vari-
ation in QD energy levels arising from growth inhomo-
geneity. We further assume that the energy ordering of
the states associated with the two QDs does not change
with applied voltage. We cannot determine which QD
has lower energy states, but for consistency in the dis-
cussion we will assume that the left QD has lower energy
levels, following our schematic in Fig. 2c.
Holes relax more slowly than electrons and typically
fall into the same QD as the electron due to Coulomb
interactions.21 When the electric field is large, optical
charging tends to populate positively charged exciton
states, as described above. This optical charging is a
quasi-random process, and multiple charge states can be
observed in the time-integrated PL spectra.
The charge state assignments for transitions labeled
FIG. 5: (Color Online) a) PL spectrum of the E1-H1 transi-
tions in a single LQDM as a function of applied voltage. The
scale bar at the bottom left corner indicates the color mapping
of increasing PL intensity. b) Intensity of PL lines A, B and
C as a function of applied voltage. c) Depiction of the charge
configuration assigned to each labeled transition as described
in the text. d) Close up of panel a showing possible spin fine
structure correlations.
in Fig. 5a are depicted in Fig. 5c. The electron and
hole participating in the excitonic recombination are col-
ored blue and all spectator charges are colored black.
We stress that we cannot verify the total charge config-
uration for each transition. In particular, there may be
fewer spectator charges than we depict in Fig. 5c. How-
ever, the changes in charge occupancy depicted in Fig. 5c
explain the energy differences between PL lines measured
in the data. We first present the charge configurations
tentatively assigned to each PL line and show how chang-
ing Coulomb interactions in the different configurations
predict energy shifts consistent with the measured data.
We then show that these measured Coulomb interactions
support our conclusion that the E1 energy shell is delo-
calized while the H0 and H1 shells are localized to single
QDs.
In single InGaAs QDs and VQDMs, the addition of
a single hole to a single QD typically increases the en-
ergy of PL emission from that QD by 2-3 meV.6,7,26 We
therefore assign PL line A to recombination of an elec-
tron from E1 to H1L when the E0 and H0 states are filled
and there are no additional holes in H1L. We assign PL
line B to the same charge configuration as transition A
with the addition of one hole in H1L. This assignment is
7supported by the relative intensities of PL lines A and B
as a function of applied voltage, as depicted in Fig. 5b.
As the applied voltage increases, the probability of pop-
ulating the E1 and H1 levels increases, so the intensity
of both PL lines increases. However, the probability of
generating an excess hole population decreases with in-
creasing applied voltage. As a result, the intensity of
the positively charged exciton (PL line B) decreases with
respect to PL line A.
As the applied voltage in Fig. 5a increases beyond FE0,
a new spectral line (C) appears. This line starts with low
intensity, but increases in intensity as the applied volt-
age is increased. The small energy shift between lines
A and C (∼ 0.31 meV ) suggests that PL line C arises
from Coulomb interactions with a charge localized in the
right QD. We attribute this PL line to emission of the
E1 to H1L transition in the presence of an additional
spectator hole in the right QD (see Fig. 5c). At applied
voltages less than FE0 the occupation of the high en-
ergy (R) QD by holes is less probable because the elec-
tron localizes to the low energy (L) QD and the hole
follows. Charging of the E0R and H0R states therefore
occurs only when optical excitation injects multiple elec-
tron hole pairs. At applied voltages greater than FE0,
however, electrons occupy both the E0L and E0R states.
Consequently, Coulomb interactions no longer favor re-
laxation of the hole into the low energy (L) QD. The
probability of observing a spectator hole in the right QD
therefore increases after the applied voltage crosses the
Fermi level, consistent with the assignment of PL line C
to the E1 to H1L transition in the presence of an addi-
tional spectator hole in the right QD.
As the applied voltage in Fig. 5a increases beyond FE1,
a series of strong, discrete PL lines appears (D-G). Lines
D through G do not all gain significant optical intensity
at the same value of applied voltage. Rather, line D be-
come optically bright at 1.00 V, with lines E-G gaining
optical intensity at 1.08, 1.17, 1.31 V respectively. This
sequential appearance of the PL lines suggests that the
lines are associated with the sequential charging of the
E1 states with single electrons as the states cross the
Fermi level. The charge configuration for PL line D is
depicted in Fig. 5c and lines E, F, and G are assigned to
filling of the E1 energy levels with 3, 4, and 5 electrons,
respectively. The applied voltage at which each addi-
tional electron enters the LQDM depends on both the
exact energy level of each state within the E1 shell and
Coulomb interactions with the other electrons occupying
the LQDM. Each time a charge is added, the PL energy
red shifts by approximately 2 meV (A-D: 2.25 meV, D-
E: 1.87 meV, E-F: 1.53 meV, F-G: 2.59 meV. The red
shift is consistent with the energy shift observed in other
InGaAs QDs upon charging with additional electrons.26
If two charges are localized in separate QDs, the wave-
functions associated with the charges have minimal over-
lap. Consequently, the shift in PL energy due to Coulomb
interactions between charges localized in separate QDs is
small, of order 0.5 meV. Shifts of this magnitude are
observed for PL line C in Fig. 5, supporting the con-
clusion that the hole states are localized in individual
QDs. However, all red shifts observed upon charging
with additional electrons (lines D-G) are of order 2 meV.
This large shift is indicative of strong Coulomb interac-
tions and suggests that the electron wavefunctions over-
lap strongly. We thererfore conclude that the E1 states
are delocalized over the entire LQDM. If states of the E1
shell are delocalized, states of the E2 shell must also be
delocalized. This analysis is the basis of the schematic
depiction of delocalized states in Fig. 2c. We note that
the localization or delocalization of the H2 states cannot
be determined from the presently available data.
V. SPIN FINE STRUCTURE IN A SINGLE
LQDM
Further evidence for the delocalized nature of the E1
energy levels is provided by the observation of fine struc-
ture in the highly charged exciton states (D-G), as shown
in Fig. 5d. Fine structure typically arises in PL spectra
when more than one spin configuration is possible in ei-
ther the initial or final states. Electrons have spin projec-
tions ± 1
2
. Holes in QDs are properly described as spinors
with both light and heavy hole character, though the
heavy hole component typically dominates the spinor.27
The light hole components can have a significant impact
on the properties of coupled QDs,28,29 but the assump-
tion that holes have only heavy hole character with spin
projections ± 3
2
is a reasonable first approximation. Opti-
cal selection rules require recombining electrons and holes
to have opposite spin projections, so dark exciton states,
where the electron and hole have parallel spin projec-
tions, are not observed.34 The Pauli exclusion principle
requires two charges occupying a single energy level to
be in a spin singlet configuration. As a result, neutral
exciton and singly charged (negative or positive) exci-
ton transitions do not have spin fine structure. Spin fine
structure becomes possible only in charged exciton states
where there are two unpaired spins in either the initial
or final state of optical recombination.
Transitions A-C in Fig. 5 all involve recombination
where spin fine structure is not expected. Neither the
initial nor final state of transition B has more than one
unpaired spin. The initial state of transition A has an un-
paired electron and unpaired hole, but the dark exciton
spin configurations cannot be observed. Transition C has
two unpaired holes, but experiments on VQDMs indicate
that singlet and triplet configurations of holes localized
in separate QDs are degenerate in energy unless coher-
ent tunneling between the energy levels leads to a kinetic
exchange interaction.30 Because the two QDs that com-
prise the LQDM typically have slightly different energy
levels, coherent coupling is unlikely in the absence of any
lateral field to tune the energy levels into resonance.21
The absence of spin fine structure associated with line C
further supports the conclusion that the H1 energy levels
8are localized to individual QDs.
Once the applied voltage tunes the E1 shell past the
Fermi level, electrons begin to fill the states that comprise
the E1 shell. The order in which these states will be filled
depends on charge and spin interactions.26 Whenever the
initial state or final state of optical recombination has
unpaired electron spins, multiple possible spin configu-
rations are possible and spin fine structure is probable.
In Fig. 5d we indicate several weak PL lines that gain
optical intensity at the same value of applied voltage as
the strong PL lines D and E. Although we cannot as-
sign these spectral lines to specific charge and spin con-
figurations, the applied voltage controls the number of
electrons that occupy the E1 shell. Consequently, a pair
of lines that gain optical intensity at the same value of
applied voltage most probably originate from states with
the same total charge. The observation of fine structure
for line D suggests that the two electrons occupying the
E1 shell are located in different discrete energy states. If
these states were localized in individual QDs, the energy
shifts due to Coulomb or spin interactions would be ex-
pected to be very small (0.5 meV or less). The observed
shifts are all more than 1meV (D: 1.27 meV, E: 2.16 and
3.23 meV), further supporting the conclusion that the E1
energy states are delocalized over the entire LQDM.
Unlike controlled charging of single InGaAS QDs,26
there is not a well-defined window of applied voltage
in which the PL of a single charge configuration domi-
nates. This suggests that the charge occupancy of the
LQDM E1 state is not well defined for any value of ap-
plied field. States with increasing charge occupancy do
not become populated until the applied voltage tunes
the E1 energy states sufficiently below the Fermi level
to overcome Coulomb interactions and add an additional
electron to the E1 energy shell. For this reason the PL
transitions originating in states with increasing number
of electrons gain optical intensity at increasing values of
the applied voltage. However, optical recombination of
electrons in the E1 states competes against emission from
the E0 states, which removes electrons and enables elec-
tron relaxation out of the E1 states. Consequently, states
of lower charge occupancy can continue to emit even at
applied voltages where higher charge occupancy is possi-
ble.
VI. CONCLUSION
Spectroscopy of an ensemble of LQDMs reveals three
PL peaks centered on 1202 meV, 1242 meV and 1279
meV. By analyzing the intensity and center energy of
these peaks as a function of laser power and applied volt-
age, we attribute these peaks to optical recombination
of electrons and holes in different energy shells of the
LQDMs. Spectral maps of single LQDMs as a func-
tion of applied voltage confirm this assignment. The
spectroscopy of single LQDMs also allows us to identify
the characteristic spectral shifts associated with electron
charging and Coulomb interactions. The magnitude of
these shifts supports the conclusion that the E0, H0 and
H1 energy shells are localized to individual QDs while
the E1 energy shell is delocalized over the entire LQDM.
The observation of fine structure that may be associated
with spin interactions further validates this model. The
delocalized E1 electron states observed here may provide
a mechanism for mediating coherent interactions between
spins localized in the E0 or H0 energy levels of the two
distinct QDs that comprise the LQDM.
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